During the effector CD8 þ T-cell response, transcriptional differentiation programs are engaged that promote effector T cells with varying memory potential. Although these differentiation programs have been used to explain which cells die as effectors and which cells survive and become memory cells, it is unclear if the lack of cell death enhances memory. Here, we investigated effector CD8 þ T-cell fate in mice whose death program has been largely disabled because of the loss of Bim. Interestingly, the absence of Bim resulted in a significant enhancement of effector CD8 þ T cells with more memory potential. Bim-driven control of memory T-cell development required T-cell-specific, but not dendritic cell-specific, expression of Bim. Both total and T-cell-specific loss of Bim promoted skewing toward memory precursors, by enhancing the survival of memory precursors, and limiting the availability of IL-15. Decreased IL-15 availability in Bim-deficient mice facilitated the elimination of cells with less memory potential via the additional pro-apoptotic molecules Noxa and Puma. Combined, these data show that Bim controls memory development by limiting the survival of pre-memory effector cells. Further, by preventing the consumption of IL-15, Bim limits the role of Noxa and Puma in causing the death of effector cells with less memory potential.
After an acute infection, most effector T cells die, whereas some remain and become a stable memory population. Over recent years, progress has been made in our understanding of this cell fate decision. For example, the effector population is heterogeneous, loosely identified by reciprocal expression of Killer cell lectin-like receptor G1 (KLRG1) and IL-7 Ra (CD127). Adoptive transfer of KLRG1 lo CD127
hi cells results in better survival and memory generation compared with their KLRG1 hi CD127 lo counterparts. 1 These effector T-cell subsets are driven by distinct networks: a transcriptional program involving Blimp1, Id2 and t-bet is critical for the generation of KLRG1 hi CD127
lo effector cells, [1] [2] [3] [4] whereas an alternative transcriptional program involving Bcl-6, STAT3, eomoesodermin, Id3 and T-cell factor-1 are critical for the generation of KLRG1 lo CD127
hi pre-memory cells. [5] [6] [7] [8] [9] [10] Although these differentiation programs have been used to explain which cells die as effectors and which cells survive and become memory cells, the results are complicated by the fact that little work has been done examining effector CD8 þ T-cell responses in mice whose death programs have been disabled.
Although the extrinsic cell death pathway was initially thought to control contraction of T-cell responses, our and others data show a dominant role for the Bcl-2-regulated pathway. Germline deletion of the pro-apoptotic Bcl-2 family member, Bim, enhances CD4 þ and CD8 þ T-cell responses to viral, bacterial and parasitic infection. [11] [12] [13] [14] One report suggested a minor role for another Bcl-2 homology domain 3 (BH3)-only Bcl-2 family member, Puma, although the role of Puma on effector T-cell subsets was not examined. 15 Noxa has a marginal role in contraction of T-cell responses. 16, 17 Although Bim is the most dominant pro-apoptotic Bcl-2 family member driving contraction of T-cell responses, the study of T-cell responses to acute infection in Bim À / À mice is complicated by the ongoing autoimmune disease and altered negative selection in these mice. 18 Further, other data suggest that dendritic cell (DC) expression of Bim can control the magnitude of T-cell responses. 19 Thus, the cell-specific roles of Bim and the potential contributions of other proapoptotic Bcl-2 family members remain unclear.
Here, we report that T-cell-specific deletion of Bim recapitulated the effects of germline loss of Bim on the contraction of T-cell responses in vivo. Although Bim was critical to limit survival of KLRG1 
Results

KLRG1 hi
CD127
lo effector CD8 þ T cells are transiently protected in the absence of Bim. We previously showed that Bim regulates the contraction of T-cell responses during lymphocytic choriomeningitis virus (LCMV) infection. 14 1, 7 No difference in the levels of serum IL-10 between WT and Bim À / À mice was observed at several time points (unpublished data). To determine whether the effects of Bim on subset differentiation were T-cell intrinsic, we adoptively transferred small 20 and infected with LCMV a day later (Figure 2a ). Subsequent analysis of blood revealed that host and donor p14 cells equally contributed to the response on day 10, indicating that they did not suppress the endogenous response (Figure 2b) . However, by day 20, the Bim
þ T cells survived much better than WT effector cells regardless of whether the cells were of donor or recipient origin (Figure 2c) (Figure 3a) . This 'leakiness' precluded the direct use of these mice to interrogate the DC-specific role of Bim.
To circumvent this, we crossed CD11cCRE þ Bim f/f mice to Rag-deficient mice and generated 90:10 mixed bone marrow (BM) chimeras by transferring BM from Rag
) into lethally irradiated CD45.1 recipient mice. In these chimeras, Bim-sufficient lymphocytes should develop, but the lack of Rag recombinase and the CD11c-CRE transgene will ensure that Bim deletion will be confined to nonlymphocyte populations, including DCs. Control chimeric mice were generated with 90:10 mix of BM from Rag 
cells, B cells and CD11c
þ cells. Cells derived from WT animals were largely T and B cells, whereas those derived from Rag À / À CD11cCRE þ Bim f/f mice contained no B or T cells as expected ( Figure 3b ). Indeed, 497% of TCRb þ cells were CD45.1 þ , whereas 494% of CD11c þ cells were CD45.1 À . Importantly, the deletion of Bim was restricted to CD11c Figure 3c ). Twelve weeks after reconstitution, groups of mixed BM chimeras were infected with LCMV and effector CD8 þ T-cell responses assessed on days 10 and 24 after infection. Neither the expansion nor contraction of effector T-cell subsets was affected by deletion of Bim in non-lymphoid cells (Figure 3d ). Thus, the lack of Bim in DCs does not impact expansion, survival or differentiation of effector CD8 þ T cells.
T-cell-specific loss of Bim increases survival of effector CD8 þ T cells, we considered that the massive expansion of effector T cells (of all epitopes) might limit cytokine availability. To test this, we crossed Bim f/f mice to transgenic mice that express CRE under the promoter of distal lck (dLckCRE), a promoter that is active late during thymic development. 24 Importantly, deletion of Bim was nearly completely restricted to T cells, most CD4 þ and CD8 þ T cells had lost Bim expression, whereas Bim levels (Figure 4c ), we note that the GP33-specific component of the LCMV response is only a fraction of the total response. As such, we examined the overall numbers of effector T cells (CD44 hi ) and found that they were increased substantially in Bim À / À recipients of either WT or Bim À / À donor cells (Figure 4d ). In contrast, overall numbers of CD44 hi cells in WT recipients were not dramatically increased by the presence of either donor population (Figure 4d) . Thus, the skewing of effector population occurs when a threshold level of CD44 hi cells is breached. (Figure 5c ).
14 Thus, as their proliferation was lower, but yet they accumulated more, the data suggest that IL-15 modulated the survival of KLRG1
hi CD127 lo cells and, further, that these effects were manifest in Bim À / À mice showed that they were independent of Bim. À / À mice and the additional loss of Bim only partly restored this subset (Figure 6b) . Further, by day 40 after infection, the population had declined rapidly (Figure 6c ). Although KLRG1 lo CD127 hi cells were enriched in IL-15 À / À mice, their overall numbers were not changed compared with WT mice (Figure 6c ). In addition, KLRG1 lo CD127 hi cells were increased substantially in Bim À / À mice whether or not IL-15 was present (Figure 6c) 28 and each could potentially promote death, we examined responses in mice deficient in Bax and Bak, which are required for death driven by BH3-only proteins. 29 We infected mice with a T-cell-specific loss of Bax in a Bak À / À background with LCMV and assessed the antiviral T-cell response in these mice. On day 10, the total numbers of GP33-specific CD8 þ T cells were similar between Bax f/f Bak À / À and dLckCRE þ Bax f/f Bak À / À mice (Figure 6d) . By day 24 after infection, the numbers of KLRG1 hi CD127 lo effector cells were maintained in the absence of Bax and Bak (Figure 6d ). Thus, it is likely that, in addition to Bim, other pro-apoptotic molecules, engaged by a lack of IL-15, contribute to the demise of KLRG1 hi CD127 lo cells.
Survival of KLRG1 hi
CD127
lo effector CD8 þ T cells are limited by pro-apoptotic Bcl-2 family members. To identify additional pro-apoptotic Bcl-2 family members that contribute to the loss of KLRG1 hi CD127 lo cells, we lo and KLRG1 lo CD127 hi cells on day 20 after infection and found that mRNA levels of Puma and Noxa were both increased (approximately two-to fourfold; Figure 7a) . Likewise, at day 24 after infection, the levels of Puma and Noxa were significantly increased in KLRG1 hi CD127 lo cells contracted a little less in Puma-and Bim-deficient mice and substantially less in dLckCreBim f/f Puma À / À mice (Figures 7d and e) . Thus, Puma functions in a partially redundant manner with Bim to promote the demise of KLRG1 hi CD127 lo cells. The individual loss of Noxa had no effect on the frequency or total numbers of KLRG1 hi CD127 lo cells compared with WT mice (Figures 7g-j) . Similar to the loss of Puma and Bim, the combined loss of Noxa and Bim significantly reduced the contraction of KLRG1 hi CD127 lo cells (Figures 7h and i) . Thus, both Noxa and Puma collaborate with Bim to control effector CD8 þ T-cell responses.
Discussion
Bim is crucial for the apoptotic contraction of T-cell responses to acute infection. 11, 14, 30 This prior work has been complicated by potential non-T-cell autonomous role of Bim and the ongoing autoimmune disease in Bim-deficient mice due to altered thymic selection. Importantly, T-cell-specific loss of Bim recapitulates the T-cell phenotype of mice with germline loss of Bim. Further, we showed that the lack of Bim in DCs did not affect the survival of effector CD8 þ T-cell subsets. These data might seem to contrast previous data showing that restricting expression of IL-15Ra to CD11c
þ DCs resulted in a partial rescue of KLRG1 hi CD127 lo CD8 þ T cells. 31 However, only partial effects were observed in the prior study and we failed to observe enhancement of DCs in Bim-deficient mice during viral infection, suggesting that other cell types are important presenters of IL-15. Thus, Bim expression within DCs has little, if any, role on the magnitude or phenotype of the effector CD8 þ T-cell response to acute viral infection. Although Bcl-2 antagonizes Puma, Bcl-2 has an extremely low affinity for Noxa. 36, 37 Instead, both Mcl-1 and A1 have a higher affinity for Noxa. 36, 37 Noxa is activated by nutrient deprivation, potentially through maintenance of Mcl-1, 38 and can contribute to T-cell contraction in some model systems. 16, 39 Further, we recently showed that Mcl-1 was critical for effector T-cell survival and that the additional loss of Bim failed to restore Mcl-1-deficient effector T-cell responses. 40 Thus, nutrients, by buffering Noxa with Mcl-1, and cytokines, by buffering Bim and Puma with Bcl-2, control the magnitude and persistence of the effector T-cell pool. Alternatively, it is also possible that Mcl-1 buffers the ability of Noxa, Puma and Bim to activate Bax and Bak and reduction of two out of the three is sufficient to promote substantial T-cell survival. Such redundancy is likely critical to avoid neoplasia and unwarranted immunopathologic T-cell responses.
The T-cell-specific loss of Bim promoted the accrual of effector T cells with pre-memory characteristics. Several nonmutually exclusive mechanism(s) may explain these data. hi cells, by shielding at them from proinflammatory cytokine/t-bet signaling. 1, 7 Importantly, the overall numbers of CD8 þ effector cells remained stable over time and neither t-bet nor STAT3 affected expression of Bcl-2, 1, 7 suggesting that effector T-cell differentiation is separable from survival. In addition to differential STAT signaling, AKT/ FOXO signaling may be a critical node of integration. FOXO signaling promotes the formation of KLRG1 lo cells and their development into functional memory cells, but it also controls Bim expression. 44, 45 However, FOXO1 controls CD127 expression, making it difficult to precisely identify effector subsets. 46 Nonetheless, an integration of death and differentiation signals may lie at the level of FOXO signaling. The ability to remove death from the equation (via the T-cellspecific loss of Bim or Bax and Bak) should be crucial for further dissection of these transcriptional networks.
These results may have potential therapeutic implications as Bcl-2 inhibitors can target autoreactive T cells and reduce autoimmunity. 47, 48 Conversely, although drugs that specifically target BH3-only molecules are not yet available, they could be vaccine adjuvants to enhance T-cell survival and memory development. Our data suggest that Bim is an excellent therapeutic target, in which overwhelming effector responses that might occur with Bim inhibition are self-limiting because of IL-15 availability, but would favor the emergence of long-lived memory T cells.
Materials and Methods
Mice and viral infection. C57BL/6 mice were either purchased from Jackson Labs (Bar Harbor, ME, USA) or Taconic Farms (Germantown, NY, USA). Bim À / À mice were a gift from P Bouillet and A Strasser (Walter and Eliza Hall Institute, Melbourne, Victoria, Australia) and have been backcrossed to C57/BL6 mice for at least 14 generations. Bax f/f Bak À / À mice were a gift of late Dr S Korsmeyer and were crossed to dLckCre (Jackson Labs). IL-15-deficient mice on a C57BL/6 background were purchased from Taconic Farms and were bred with Bim À / À mice in our facility. Generation of Bim conditional mice (Bim f/f ) is as described. 23 These mice were crossed to dLckCRE þ or CD11cCRE þ GFP mouse lines. P14 Thy1.1 þ TCR transgenic mice were a gift of Dr M Jordan and were crossed to Bim À / À mice. Rag1 À / À mice were purchased from Jackson Labs and crossed to CD11cCRE þ GFP-Bim f/f mice. CD45.1 þ BoyJ mice were maintained in house and were crossed to CD45.2 þ C57BL/6 mice. C57BL/6-Bbc3 tm1Ast /J (Puma À / À ) mice were purchased from Jackson Labs and were bred with dLckCre-Bim f/f mice in our facility. C57BL-6-noxa À / À mice were obtained from A Strasser (Walter and Eliza Hall Institute, Melbourne, Australia) and were described previously. 49 Mice were infected i.p. with 2 Â 10 5 p.f.u. of the lymphocytic choriomeningitis virus (LCMV). LCMV was grown in BHK-21 cells and viral titers from spleen and liver homogenates were determined by plaque assay on BHK-21 monolayers as described. For BrDU incorporation, mice were injected i.p. with three doses of 0.7 mg/mouse BrdU (BD Biosciences, San Jose, CA, USA) 2 days before killing (1 on day À 2 and 2 on day À 1). BrdU incorporation was assessed with BrdU Flow kit (BD Biosciences) according to the manufacturer's instructions. Animals were housed under specific pathogen-free conditions in the Division of Veterinary Services at Cincinnati Children's Hospital Research Foundation. Experimental procedures were reviewed and approved by the institutional animal care and use committee at the Cincinnati Children's Hospital Research Foundation. Bim limits IL-15 usage and multiple BH3 proteins S Kurtulus et al
